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uidmg devices with monolithic integrated mode size coDvertefs ^ ^"'^^^^ ^ °P^<^^' network, 

(tapers). By integrating a taper with a waveguide device the ^^^^ Several approaches to imnrnvP fh^ fiK 

coupling losses and the packaging cost of OEIC's In future coupling efficiency such as the T ? ^ber-chip 

fiber-optical networks can be much reduced. This paper g v« pered/lensed fiberTVA HI u ^ nucrolenses or ta- 

an overview of different taper designs, the possible '^aMcf ro^ Suffe from the fi ,H -^ ^- approaches stiil 

t.oi,»„i„.^ ^ - . y «on suffer from the field mismatch problem, since onlv the size 



J,"^J"^'~ ^"^^-^^^ converters, monolithic integration, 
optoelectronic integrated dreuits. III-V semiconductors 

I. LNTRODUCrnON 

OPTICAL communication systems are expected to play 
an mcreasing role in the transmission and processing of 

the huge amounts of data. Due to the very large bandwidth T,: — ^<=™conauctor chip pj-m Tlie 

of an opucal glass fiber, in particular when several opdcal ^''"^^-based technology allows refractive index differences 

or^^J^Sr'^'l'^K '^^'^*'^"'"°Sth division m ^"r«" ""'^ up to 1 X IQ-^ enabling smal 

or (WDM)], very high transmission capaciUes can be obtained "'^^'efield sizes which can be matched to IH-V semiconductor 

Not only in long-haul fiber transmission systems, but also in ^^^^gu'des. Although good mode-matching and high-couplinE 

highly advanced computer networks and electronic systems, efficiencies can be obtained, the small alignmenf toler^ces 

U^ere :s a need for optical links, as optical interconnecUons f 1°"^ semiconductor interface still'hS elsvTd 
allow to increase the bandwidth and the integradon density packaging 



educuon of the coupling loss is usually at the expense "of 
the alignment tolerance, resulting in very high packaging 
costs. Packaging costs can be as high as 90% of the fotj 
device cost. Another approach to reduce fiber-chip coupling 
losses, IS the insertion of a silica-based waveguiding malule 
contaming a mode-field converting waveguiS in'tSJeen 
w„r' /"-"^ semiconductor chip r3]-[5]. The 



compared to electrical interconnections 

Most of the building blocks of an fiber-optical network 
consist of m-V semiconductor devices. As each of these 



During the past years, many researchers have therefore 
f^used on the monolithic integration of mode size converters 
with m-y semiconductor components, in order to achieve a 



!c . ^ cacn or inese — ■ —""""""uwiui wmponents, in order to achieve a 

'.ndex differences can only be achieved with extremely small "ext to the improvement of the coupUn. efficTenct Ter^^^ 

:omposu.onal changes. In an opUmized semiconductor wave- also an increase of the operating Sme afdTe L^f' n ' 

r-lTarrL^d?""' ^^""^"^ ' - -^P-P--f^^ Generalise C s J^ct^^ 

10 . leading to mode sizes smaller than 2 ^.m. Besides, unlike o'd laser is optimized toward maximal overi»n h^fll . . 



Manuscript received Augmi 20, 1997; rtvised October 16. 1997. 
PubUsher Uem IdenUfier S 1077.260X(97)09216-2. 



results m a high threshold current [Fig. 1(b)]. When a spot- 
size converter is integrated with the laser, the optical mode 
wiU spread due to the thinner acUve layer near the laser mirror, 
and a narrow beam is emitted [F.g. i(c)]. in this way, the low 
. threshold current, which is .determined by the thicker acUve 
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Hg. 1. Optimization of the beam divergence of a laser diode by reduction 
of the active layer thickness. 



layer in the inner region, can be maintained. Furthermore, the 
large mode-size near the laser mirror enables the reduction of 
the optical power density, so i)ut ihc COD (caiastrophic optical 
damage) power level becomes higher, which means that the 
maximum output power and the operating life increases. It 
should, however, be noted that for low cost lasers, where a 
very low threshold current is not an issue, there is a trend 
to not integrate a spot-size converter, but rather modify the 
vertical laser structure in order to obtain a large vertical optical 
mode-size, e.g., by using low refractive index active layers [7], 
by using diluted waveguide confinement layers [8], by adding 
extra-thin high-index guide layers in the cladding layers [9] 
or by using thin wide-gap barriers [10]. Laser diodes without 
integrated spot-size converter will not be further considered 
within this paper. 

This paper gives an overview of the different technolog- 
ical approaches for the monolithic integration of mode size 
conveners (or tapers) with III-V semiconductor devices, in 
particular waveguides and laser diodes. Section n gives an 
overview of the possible taper designs reponed by different 
researchers. In Section IE, the different technologies to fab- 
ricate tapered devices are reviewed. Finally, an overview is 
given of the performances achieved for tapered waveguides, 
in Section IV, and for tapered laser diodes, in Section V, 

Before moving 10 Section n, we want to remark, that a 
similar review paper has been written a good three years 
ago [11]. As during the past three years, the number of 
activities and publications on tapered devices has increased 
exponentially, this review paper includes the progress that has 
been made during the past three years and is therefore much 
more complete. 

n. Taper Designs 

A Introduction 

. During the past years, many taper designs have beeii re- 
ported. In this section, we have tried to catalogue the major 
taper designs. For the discussion of the different designs, we 
make a classification between lateral, vertical, combined and 
special tapers designs. We limit ourselves in this section by 
describing different taper layouts, it is not our intendon to dis- 



cuss taper design rules or to define optimal taper dimensions 
For more information on taper design criteria, we refer to [1 1] 
and references therein. 

Prior to discussing the different taper designs, .we would 
like to comment on the optimal opUcal mode shape at the 
tapered end facet of the HI-V semiconductor device. The 
lowest coupling losses (or field mismatch losses) are achieved 
when the semiconductor waveguide opUcal mode and the fiber- 
optical mode are fully matched. The optical mode in a fiber 
has a quasi-Gaussian shape. Therefore, tapered waveguides 
are often designed to have a Gaussian mode-profile at the 
waveguide output facet. A large Gaussian field disu-ibution 
can only be obtained with a very thick guiding layer which 
has a very small refractive index difference (order 10"^) 
with respect to the cladding layers. As ah-eady stated in 
the iniroducUon. such a small refractive index difference can 
hardly be.realized by compositional changes. A more realistic 
solution is based on the use of homostructure waveguides [12] 
or diluted structures [13], [14]. The former suiictures consist - 
of a nonintentionally doped layer (low n-type background 
concentration) deposited on a highly doped n-type substrate, 
which has a slighUy lower refractive index. In the latter 
structures, alternated layers of e.g., InGaAsP or InAlAs and 
In? produce the required equivalent index of the waveguide 
core. Generally it is difficult to integrate these fiber-matched 
waveguide structures with other devices. Therefore, Kasaya 
et aL, has demonstrated that very low-loss butt-couphng is 
also achievable between the Gaussian-shaped fiber mode and 
the non-Gaussian (exponential-) shaped mode of a semicon- 
ductor waveguide with a very thin core [15]. He calculated 
that InGaAsP-InP waveguide structures can be connected to 
single-mode fibers with coupling losses below 0.5 dB. 

B, Lateral Tapers 

In a laterally tapered device, the width of the guiding 
layer(s) is changed. Possible ways for realizing lateral tapers 
are presented in Fig, 2. All tapers in this and next figures 
have, for the ease of drawing, a linear profile. The dark parts 
in the different tapered waveguide structures represent guiding 
layers. All tapCTs are such drawn that the back facet has a small 
mode-size, whereas the front facet has a large mode-size. The 
most simple and straightforward designs are those where only 
the width of the waveguide is changed without affecting tiie 
vertical waveguide structure, such as illustrated in Fig. 2(a) 
for a laterally down-tapered buried waveguide [16] and in 
Fig. 2(b) for a laterally up-tapered buried waveguide [17]. 
A simple lateral taper is often applied for high-power laser 
diodes or semiconductor amplifiers [18]. As the opUcal beam 
propagates from the small end of the taper to the large end, 
it expands laterally, owing to diffraction, tiiereby spreading 
ttie optical power over a wider region. Because of tiie latwal 
taper, output powers about an order of magnitude higher tiian 
conventional narrow-striped lasers can be obtained. 

A lot of mode size converters consist of overlapping waveg- 
uides, which means tiiat one waveguide is pan of, or sur- 
rounded by, a second waveguide. The optical powo- is coupled 
from one waveguide to the other by means of a tapped 
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transition region, in which one or both of the waveguides 
can be tapered. It is important that the taper angle in the 
transition region is sufficiently small, to prevent coupling 
of power from the fundamental mode into the higher ordw 
:aper modes. The waveguide near the end facet is often fibpr 
.-natched (e.g., a homostructure or diluted waveguide) In such 
ui overlapping waveguide structure, it is possible to change 
he vertical waveguide structure, just by changing the lateral 
Iimensions along the tapered section and without changing 
ayer thicknesses. * 

In Fig. 2(c) a narrow and thin-ridge waveguide is transferred 
ito a wide and thick ridge waveguide by means of a single 
ueral overlapping waveguide taper [19]. TTie ridge waveguide 
t the end of the Uper can be a fiber-matched waveguide In 
le upered section, the width of the upper ridge is sufficiently 
ecreased so that the opUcal mode in the upper ridge is in 
atofif near the taper facet and only a wide optical mode, 
efined by the lower ridge, is supported. In this way the 
rongly confined opUcal mode will expand into a weekly 
mfined one. Since the upper ridge waveguide has to be in 
itoff at the taper facet, the upper ridge needs to be tapered 

rather small dimensions «1 /xm) and, hence, reqiares an 
curate pattern definition and a controlled etching process 
2spit£ the cnucal processing, the fabrication is simple." as no 
growth is required. A simUar design is presented in Fig. 2(d) 
OJ. The difference is that the taper is split-up in several 
mons. 

A Fig. 2(e). a very popular approach is given for changing 
th lateral and vertical dimensions of a buried waveguide by 
Jual lateral overiapping waveguide , taper [21]. The width 
the upper waveguide becomes continuously smaller along 
taper tenninaUng in a very narrow end, whereas the width 
the lower waveguide.increases along the taper. This type 
taper design has been applied by many researchers and 



has proven to be very successful (see Sections IV and V) Bv 
a proper selecUon of the composition and thickness of both 
composing waveguides, the dual lateral overiapping buried 
waveguide taper can be compatible with a lot of optoelectronic 
components. A disadvantage of this type of taper, is the need 
for a shaip termination point of the upper waveguide, which 
complicates the taper fabricaUon process. 

Zengerle h^ made a comparison, both experimentally and 
theoreucally. between a simple laterally down-tapered wave- 
guide and a dual lateral overiapping buried waveguide taper 

u Ji J^hT' ""^ '^P^ ^oxiplmg loss 

s shghtly lower and that the fabrication tolerances are much 
less suingent. . 

ri^J^r^.^^' different from 

the previous design: instead of a buried waveguide, a ridge 
waveguide is laterally tapered from a narrow rid|e wi* a thick . 
strongly guiding layer, to a wide ridge with I thin weeUy ■ 
guiding layer [22]-r24]. ^ 

Jl^V- ''^ 2' "^ow rib 

waveguide is converted into a fiber-matched rib waveguide by 
means of two nested waveguide upers [25]. Hie maximum 
cotiphng efficiency that be achieved is limited by the quality 
of the taper tips and such uper design therefore requires high 
resoluuon fabricadon technologies. 

C. Vertical Tapers 

a vertical taper, the thickness of the guiding layer(s) is 
changed along the device. In contrast to lateral tapers, where 
standard processing techniques can be used for the definidon 
of the taper, special growth and etching techniques are required 
to change the thickness along the taper. A wide variety 
of technologies have therefore been developed to gradually 
change the thickness of a guiding layer (see SecUon HI) 
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Fig 3 Vertical taper designs, (a) Vertical down-lapered buried waveguide, (b) Vertical down-tapered ridge waveguide (c) Vertical overlapping ridge waveguide 
U^r (d) Verticil ^erlapping waveguide Uper tSnsition from a buried waveguide to a fiber-matched waveguide, (e) Vertical overlapping waveguide taper 
transition from a ridge waveguide to a fiber- matched waveguide. 




Combined vertical and lateral taper designs, (a) Combined lateral and vertical ridge waveguide taper, (b) 2-D overlying waveguide taper 
s from a buried waveguide lo a fiber-matched waveguide, (c) Overlapping waveguide taper transiUon with two sections from a ndge waveguide 



Fig. 4 
transition 

lo a fibcr-matched waveguide. 

Examples of one dimensional vertical tapers are given in 
Fig. 3(a) for a buried waveguide structure [26] and in Fig. 4(b) 
for a ridge waveguide structure [27]. A facet needs to be 
cleaved at the position of the dashed line in Hg. 3(b). 

Also for vertical tapers there exist several designs which 
make use of overlapping waveguides. In Fig. 3(c) [28], [29], 
tapering is achieved by reducing the thickness of the upper 
guiding layer until the upper guiding layer has completely 
disappeared near the end facet. Although this design has a 
ridge structure all over the taper, epitaxial regrowth is needed 
after taper definition. 

In Fig. 3(d), a small spot-size buried waveguide is trans- 
formed into a large spot-size fiber-matched waveguide by 
means of a wedge-shaped vertical uper [121. Also in this 
design, the lateral dimensions of the waveguide are changed: 
a narrow (buried) waveguide is converted to a wide (fiber- 
niatched ridge) waveguide, simply by vertically tapering the 
buried guiding layer. 

In Fig. 3(e), the thickness of the upper guiding layer is 
vertically down-tapered and provided with a rib of constant 
width and height. At the beginning of the taper the mode is 
vertically guided by the upper guiding layer, while along the 
taper, the mode expands vertically into the thin guiding layers 



of the diluted fiber-matched structure. As the coupling loss 
is strongly dependent on the thickness of the residual upper 
guiding layer, the only critical issue for the taper fabrication 
is the thickness control of the tapered waveguide. The other 
processing steps are rather simple, since neither epitaxial 
regrowth, nor deeply etched ridges are necessary. 

D. Combined Tapers 

In a combined taper, both the lateral and the vertical 
dimensions of the guiding layer(s) are changed. Fig. 4(a) 
shows a design In which both the thickness and the width of 
a ridge waveguide are up-tapered toward the end facet [30]. 
Generally the thickness of a guiding layer is reduced to spread 
the optical mode, resulting in a waveguide which operates 
near cutoff. In this design the thickness of the guiding layer 
is increased, leading to a multimode waveguide. When the 
taper is adiabatic, the intermode coupling is minimal and the 
waveguide at the end. facet behaves single-mode. The main 
advantage of a thick guiding layer at the large spot-size end 
of the taper, is the improved fabrication tolerances compared 
to a thin guiding layer. 

The design is Fig. 4(b) is a two-dimensional (2-D) over- 
lapping waveguide taper transition from a buried waveguide 
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Fig. 5. Japcr fabrication methods based on wet etching, (a) Difvelch technique, (b) Dynamic cich mask" technique, (c) Stepped etching, (d) Diffu- 
sios-umited etch technique. & \ y 



to a fiber-matched waveguide [13]. Another two-dimensional 
overlapping waveguide taper design is illustrated in Fig. 4(c), 
where a ridge waveguide is transformed in a fiber-matched 
waveguide [31]. Fig. 4(b) and (c) are only a few examples, 
there exist more designs. Although very low coupling efficien- 
cies have been demonsu^ated, most of these 2-D overlapping 
waveguide tapers are rather complex and therefore require a 
considerable number of fabrication steps, of which some can 
be very critical. 

£. Special Tapers 

There also exist alternative taper designs which cannot be 
simply classified in lateral, vertical or combined tapers. One 
such design is the waveguide coupler, which consist of one 
guiding layer in the small spot section and two rather closely 
spaced guiding layers in the large spot section [32]. The lower 
guiding layer is continuous throughout the device, whereas the 
transition from one to two guiding layers is abrupt. Perhaps this 
design could be classified as vertical overlapping waveguide 
taper with a "zero" taper length. When light is propagating 
from the one layer section to the two layer section, it is partly 
coupled into the upper waveguide. The spot-size at the output 
facet is maximized by optimizing the length of the two layer 
section. In this way, very short Upers (typically 20 ^m) have 
been realized using a simple fabrication process. This design 
is however less flexible and only allows a limited enlargement 
Df the spot size. 

A second alternative design we would like to mention is a 
waveguide structure in which the beam size can be controlled 
by injecting current in a twin-su-ipe region [33]. A lateral 
svaveguide is formed by the inner stripe, were no current 
5 injected* between two stripes, where current is injected, 
rhe higher current density under the su-ipes results in a 
ower refracUve index. The lateral refractive index_ profile, 
md thus the beam size, is influenced by injecting current. 
\ laser diode with a beam size ratio of more than 2 has 
)een demonstrated. Laser diodes with a variable beam size 
lave no real applications in optical fiber-networks, but can be 
'ery promising for laser printers, where the size of the dots 
5 electrically varied. 

ni. Fabrication Methods 

L Introduction 

We have observed in Section U that some taper structures 
ave a simple design, others have a rather complicated struc- 



ture. There exist nearly as much fabrication methods as there 
are taper designs. 

The fabrication of a lateral taper is rather straightfor- 
ward and can generally be done using standard processing 
techniques. Laterally tapers can be achieved by standard 
photolithography followed by wet chemical etching or dry 
etching. Possible dry etching techniques are: reactive ion 
etching (RIE), reacUve ion beam etching (RIBE), N2 ion 
milling . . . Standard photo lithography does not allow to 
define very fine su^ctures. Sharp taper tips are usually defined 
by elecu-on beam (e-beam) writing in combination with a 
dry etching technique. Tlie e-beam writing method offers a 
high spatial resolution, but is expensive and time-consuming 
when large areas have to be written. In order to prevent e- 
beam writing, the "knife-edge" technique can also be used 
for the definition of sharp tips [34]. The taper is formed by 
two "knife edge'*-like photolithographic masks. After each 
(standard) photolithographic step one side of the taper is 
etched. 

For vertical tapers, a lot a technologies have been developed. 
For the discussion of the different technologies, a classification 
is made between etching, growth and disordering techniques. 

B, Etching Techniques 

The most straightforward technology to realize a vertical 
taper is the dip-etch process [28]. The waveguide taper is 
etched by dipping it in a conu-oUed way into the etchant [see 
Fig. 5(a)]. This etch technique is simple, but leads generally 
to fairly long tapered staictures. Furthermore, it is impossible 
to process a full wafer. 

A second wet etch technique is the dynamic etch mask 
technique [35]. The semiconductor is ifirst covered with a 
thin-film material, which forms the dynamic mask and whose 
etch rate is significanUy higher than the etch rale of the 
semiconductor material [see Fig. 5(b)]. This dynamic mask 
just covers the area where the taper is desired. The upper etch 
mask (e.g., photoresist or oxide) is subsequently deposited over 
the entire sample. This mask is opened near the dynamic mask 
at the place where the deeply etched end of the Uper is desired. 
The taper is then chemically etched. Due to the high etch rate 
of the dynamic mask, more and more semiconductor material 
wiU-be exposed to the etchant during etching. Taper siriictures 
with a length of only 50 ^m have been realized in this way. 

A third wet etch technique to realize vertical tapering is 
the diffusion limited etch technique [27]. By partially covering 
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Fig. 6. Taper fabricatioD methods based on dry etching, (a) 0;ude shadow technique, (b) Direct shadow etching, (c) Shadow masked reactive ion etching. 



the substrate with a SiOx-mask and using a diffusion -limited 
wet eichant, the etch rate can be controlled laterally over 
the substrate [see Fig. 5(c)]. For narrower mask openings, 
enhanced etch rates are obtained. 

The main disadvantages of previous wet etch techniques 
are the low reproducibility and the difficulty to define sophis- 
ticated taper profiles such as parabolic or exponential shapes. 
Nonlinear taper profiles are, however, often recommended . for 
reducing the taper length [36]. 

A wet etch technique that allows more reproducible tapered 
profiles, is the reduction of the thickness of the waveguide core 
by stepped etching [13], [37], [38], Several etch-stop layers are 
embedded within the guiding layer, in order to form a staircase 
profile by sequentially displaced masking and selective etching 
[see Fig. 5(d)]. A sufficient number of steps is required to 
allow adiabatic mode expansion. This technique is again quite 
simple, but time consuming, since a lot of photolithographic 
and etching steps are needed. 

There also exist several dry etching techniques for realizing 
vertical taper profiles. They all make use of shadow masks. 
The first technique described is the oxide shadow etching 
technique. A shadow mask made of silicon is fixed above 
the subsu-ate on top of a spacer in a sputter chamber [see 
Fig. 6(a)] [39]. First, a tapered oxide layer is deposited on 
the substrate. Afterwards this oxide profile is transferred into 
the semiconductor by N2 ion milling. The taper profile is 
controlled by the shape of the shadow mask. 

A similar dry etch technique is the direct shadow etching 
technique. Again a silicon shadow mask is fixed above the 
substrate on top of a spacer. In contrast to the shadow etching 
technique, the substrate with shadow mask is placed directly 
in a N2 ion milling module, with the axis of rotation tilted 
with respect to the direction of the ion beam [see Fig. 6(b)] 
[39]. After etching, a tapered transition is observed in the 
semiconductor. The taper profile is now controlled by the tilt 
angle and the height of the spacer of the shadow mask. An 
evaluation of the oxide shadow etching and direct shadow 
etching techniques has shown that both techniques are simple 
and reproducible, and allow a precise definition of the taper 
profile. 

Finally, a vertical taper can aiso be achieved by placing a 
shadow mask above the substrate in a RDE system [29]. During 
shadow masked RIE, the taper length is mainly determined 
by the spacing (h) of the shadow mask with respect to the 
substrate. 



The dry etching techniques are very successful for realizing 
single tapered devices or arrays of tapped devices, but do not 
easily allow the processing of a lull wafer with a high density 
of tapers. 

C Epitaxial Growth Techniques 

Vertical tapers can also be formed in situ during epitaxial 
growth, so that, in conu-ast with most wet or dry etching 
techniques, guiding layer and top cladding layer can be grown 
in a single growth step. 

During molecular beam epitaxy (MBE) growth of AlGaAs, 
it is possible to obtain spatial variations in growth rate and 
composition by inu-oducing a temperature gradient across 
the subsuate, e.g., by using a mounting block whose top 
surface is slightly recessed in several regions [see Fig. 7(a)] 
[40], [41]. Above 650 ^'C the sticking coefficient of Ga 
decreases continuously with increasing temperature. Growing 
at temperatures above 650 °C, will therefore result in a spatial 
gradient in thickness and composition. When growing at lower 
temperatures, the sticking coefficient is insensitive to growth- 
temperature variations and the growth is uniform. Cladding 
layers are therefore grown at low temperatures, while the 
temperature is increased for the growth of the guiding layer. 
Both thickness and compositional variations result in a weaker 
confinement in the taper. The change in refi-active index (due 
to the compositional change) accounts for 75% of the reduction 
in the vertical far-field beam divergence, while the change in 
vertical dimensions accounts for the remaining 25% of the 
reduction. 

Another in situ technique is the growth on a ridge. Due to the 
mass uansport properties of liquid phase epitaxy (LPE)-growlh 
[6] and the surface diffusion properties of metal-organic vapor 
phase epitaxy (MOVPE)-growth [42], the growth rate on a 
ridge is dependent on the width of the ridge. During LPE the 
growth rate decreases [see Fig. 7(b)], whereas during MOVPE 
the growth rate increases as the width of the ridge decreases 
[see Fig. 7(c)l. 

Similar to the diffusion-limited etch technique, the growth 
rate in a MOVPE process will be enhanced when the substrate 
is covered by a dielectric mask, since no deposition takes place 
on the dielectric mask [see Fig. 7(d)] [30]. This technique is 
better known as the selective area growth (SAG) technique. 
The larger the mask width, the smaller the mask window 
and the higher ihe reactor pressure, the larger the growth rate 
enhancement [43]. TTie lapa* in Fig. 3(b) is actually realized 
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)y ihe diffusion-limited etching of the guiding layer, followed 
)y the selective area growth of the cladding-layer using the 
iame SiO».mask. In this way the thickness of the cladding 
ayer will increase as the opUcal mode size increases. 

With the SAG-technique it is also possible to realize a 
'ertical taper by butt-joint cpupling [44], [45]. First the device 
ayers are grown. Then the ^substrate is partially covered by 

dielectric mask, only leaving the taper region unmasked 
■he device layers are removed in the unmasked area (or taper 
sgion) by etching. Finally, a selective regrowth is performed 
5 form the taper. As the growth rate is enhanced close to the 
ielectric mask, the regrown layers will be verUcally tapered, 
ath decreasing thicknesses away from the butt-joint This 
jchnique requires at least one regrowth. Generally a second 
jgrowth is done for the growth of the cladding layers. The 
ffmation of the butt-joint in the first regrowth is a rather 
lUcal process and requires an extensive growth optimization 
he mam advantage of the butt-joint is iu flexibility to 
parately design the device layers and the taper layers. 
The last in situ technique we would like to describe is 
e shadow masked growth (SMG) technique, which has been 



developed at our laboratory [46]. SMG uses a monocrystalline 
mask, which is held by means of a spacer layer at a certain 
distance above the substrate [see Fig. 7(e)]. During MOVPE 
epitaxial growth the depositiob on the substrate takes place 
through the Window in the shadow mask. Thickness changes 
are fully controlled by the lateral dimensions of the shadow 
mask and the reactor pressure: the smaller the mask window 
and the higher the reactor pressure, the larger the growth rate 
reducuon relative to the nominal growth rate on a nonmasked 
subsu-ate. A drawback of the SMG-technique is the additional 
growth step of the shadow mask and an additional processing 
step to remove the shadow mask. However, this drawback 
imght be eliminated by using a mechanical mask instead 
of a monocrystalline mask, e.g., a silicon mask [47] This 
mechanical mask is then placed on top of the substrate and can 
be easily removed after epitaxial growUi [see Fig 7(0] The 
SMG technique witii mechanical mask has also been applied 
with MBE-growth [48]. 

SMG. and SAG are very similar techniques. During SMG 
the growtii rate decreases, while during selective area growth 
the rate increases. Botii techniques show not only thickness 
variations, but also compositional variations [46], [49J In both 
cases, tapering is Uie result of Uie cooperation between thick- 
ness reduction and compositional changes. In most tapered 
devices the tiiickness of tiie waveguide layer is decreased 
near the end of the uper. For this reason the SMG-technique 
is advantageous to the selective area growth technique The 
nommal (uniform) waveguide layer can be grown on the 
nonmasked part of Uie substrate during SMG. enabUng high 
quality layers. On the contrary, the nominal waveguide layer 
must be grown selectively %**en using the SAG technique 
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TABLE I 

Overview of Tapered Waveguide Performances 



GroDp 



Technology 



X (nm) 



MB) 



■Align. Tol. (±) 
L(ma) V flint) 



Remarks 



Rer. 



• Muliisection taper from a ridge to afibrt-matched waveguide (Fig. 2,d) 
Siemens RIE I55q 



<3J(CF)» 4(1 dB) 2(1 dB) WG/PIN^ode 



• Otitd lateral averiepping buried waveguide taper (Fig. Ze) 
I>eirtschco Tddc. Direct e-beam writiflg + RIE + fcgrowth 
Dciitschcn Telek. Direct c-bcam writing + RIE + regrowth 
AT&T 1Coifie-e4ge Ihho ♦ telecdve etching ♦ fegrowth 

• Dual lateral overlapping ridge waveguide taper (Fig. 2J) 

NTT 02 RISE ••- SAG regrowth of upper claddug 



NTT 



02 RIBB -f SAG (7) regrowth of upper claddiii^ 



1550 
1550 
1550 



1550 
1550 



<1.4 (CF) • 
<l.I (CF) • 
2 J (CP) 



3.5 (OP) • 
2.3 (CF) • 



linear Caper 

non-liDeartaper 

AR-ooadng 53 
Electfoabsoqxion modid. 



20 

21 
21 



2J(IdB) 1.9(1 dB) AR-coidng 22 
Fhsse-modulBtor device 



• Nested taper finm a ridge to a fibre-matched waveguide (Fig, 2,g) 
ANT Standard litho 4- RE 4> legrowth 

• Vertical dawn-tapered ridge waveguide (Fig. 3.b} 

ETHZ DifTisioa limiled etching + SAG rr growth 

ETHZ Difhnion liinited etching + SAC regrowth 

Our work SMG -f wel etching of ridge 

• Vertical dawn-tapered slab waveguide 

MIT Lincoln Lab Tcsnperatnre giBdient during MBE 

*^Verticta overlapping ridge waveguide taper (Fig. S.c> 
ETKZ Dip etch 4- regrowth 

Deutschen Tdek. Shadorw masked RIB legnnvfh 



I3QO-I550 4 (OF) 



AR-coa!3Dg 
Optical switch 



no AR^oattDg 



1530 
1530 
1550 

8S0 

1530 
1550 



0.9 (LP) • 
I (CF)» 
1.7(LF)» 



1.7 (LF) 
< 2.8 (CF) 



AR costing 

2J(ldB) 2.5 (I dB) ARooaling 
1.2 (IdB) 1.2 (IdB) 



23 

25 

27 
54 
55 



veitical beam width: S.2" 40. 41 



• Vertical overtopping waveguide taper from a ridge ta a fibre-matched waveguide (Fig. J.«; 
HW Shadow masked RIE. no regrowth 1550 

• Vertical overlapping waveguide taper from a bailed ta afibrernosched waveguide (Bg. S.d} 



0.&(ldB) 0.8 (IdB) AR-coating 
1.7(1 dB) 1.5(1 dB) no AR-coating 



28 
29 



57 



Siemeas 



Oxide shadow etching + legrowth 



• Combined lateral and vertical ridge waveguide (Fig. 4m) 
BeUoore SAG (venical), RIE (UictsJ) 

• 2'D overlapping waveguide taper from a buried taaFM waveguide 

NTT Stepped etching (veitical taper) + Cfe cheimcal 

dry etchit^ (latenl taper) regrowth 

• I'D overlapping waveguide taper frnm a ridge ta aFM waveguide 
OlEr RIE/rtcpped etching (vertical) -negrowih 



1550 <2(CF) 3(1 dB) 2.1 (I dB) AR-coating 



1540 3 (CF) ' 



12,56 



30 



1550 0.4 (CF) • 2.7 (1 dB) 



13 



1550 



ctandatd kitho/RIE (lateral) 

• 2-iection 2-D overlapping waveguide taper from a ridge toaFbt waveguide (Fig. 4.c) 

Siemctti Direct shadow etching (vertical), rtandand litho + 1550 1.5 (CF) 

IBE-f wet selective etching (Itfsal) 

• Waveguide coupler 

CMMT Wet selective etchii^ of upper WC ♦ RIE (ridge) 



4.5 (CD 2.8 (IdB) 2 (IdB) Polarization independent 58 



4 (3 dB) 3 (3 dB) Optical switch 



IS45 



7 .4 (CD 
■ ■17(LF) 



31.59 



32 



• inchiding taper less 

CL: ccHjpUng loss 

FM: fibcr-maichcd 

MBE: molecular bcAin epitaxy 

SAG: selective area growth 



2-D: two-<IimensioDal 

CF: cleaved single-mode fiber 

HR: high-reflective 

RIE: reactive ion etching 

SMG: shadow masked growth 



AR: antirefiective 
lithe: photolithography 
LF: leased fiber 

(R)IBE: (reactive) Ion beam etching 
SQW: single-qiiantum well 
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TABLE n 

Overview of Tapered Laser Diode Performances 



^(•m) Type 



Dim cbem writhif 4- RIE 
Scepper liifao ♦ ftlE 



* RS (ao luir cue profile) 

CbBvestMnal PBH todutolofy 
(Ute«l aper over wbele oviiy) 



KIT 
KTT 
AAR 

MiiiiBluu 
NEC 

Laundty mp-mperrJ Imri^ mi^gyiSe (Fig. Zh) 
MTTLiDcclnUk Scfcoive ehcimcJ eidun, 
Wtadu 



SmgU Imrrul I0perjhmi mnigeiom fM-m^guUe (Fig. Ze) 



I5S0 


DKDBR 




BH 


1300 


DH.PBH 


14«0 


MQW. BRS 


1300 


MQW. PBH 


I30O 


MQW. PBH 



• 9 
4.7 
2S 
6.9 
3 



31 
57 
52 
65 
63 



2-B(CF) 30 dB) 20 dB) Bc« essence: ir. ir 16 

60 



2J(CF) 2.8 0rfB) 3.20 dB) HR<x«in« 



1.4 (LF) 
5.2 (CF) 



Be»ni<fi*«jenoe: I3*iil5» 



Bwridax-fCbRlBE 

(RMMbfd litfao aho poulbte) 

Scaadwd lidko ♦ m ccdiing 



1300 


mi PBH 






980 


SQW.BR 


20 aA 




1300 


SOiMQW 


1000 


30 


9S0 


CRINSCH 


500 


64 


980 


CRINSCH 


no 


19.8 


1300 




25. 


62 


980 


DQW.ridfc 


19 


63 



< 1.70 dB) 1.7 OdB) Hk^oc^g 

Bc««SHBp»ce:l3-kl3 

: I4"kl6* 



Crtindricil mlriM faoR 
Hirh powcc 430 mW 



61 
62 
63 

17 
64 



Hichpower 0.5 W(3A> 65 
^'■(''al (fi««rxence: 0.43* 

Ht(k power: 4JWO0A) 66 
tMcirf dii utu t j c 036* 



0.9 (CF) 



Bern di voxeooe: 5j6-i7.4* 1 9 
67 



D«ic«fcaiTclc*. X>«««4«iwritiAt* RIE ^ retrod 



4.8(00 2.4 OdB) 13 OdB) HR^ooMfaif. 

Bcvn ««asaioe: S.4*kl9* 
Bam«Sv«,e««: 10^15* 68 
fOfb power 390 mW 



NTT 


Stepped Kd»o ♦ C3j RIBE ♦ SAG lepw^ of 




rfarfrfmg. 2^ wefa proceiring 


ATAT 


Koifc-cdr Htho ♦ «i«d*e etdiin, ♦ refTOwA 


ATAT. 






Wc( efienkal cedkiQg 4^ ceynywih 


BTL 


WaeheoiciJeftiiiag 


BTL 


WdAcrokalctdtfat 




2" wiftr pfDeesBQg • 


CSELT 


2-e«epilid>o ♦ RtE etduag (in tlm efcfc depdi 



1530 




40 


14.8 


1.85 (CT) 










0l9(CDSF) 


1300 


DHBH 


21.4 


26.2 


2.4 (CP) 


1550 


MQW. PBH 


12 


52 


3 J ((30 


1300 


. MQW. PBH 


22 


51 


3 J (CP) 


1300. 


MQW. PBH 


14 


45 




1560 


MQW. PBH 


12 




4 .6 (CF) 


1550 


MQW. PBH 






l^(CF) 


1550 


MQW. BR 


30 


21 


2.2 (CF) 



2(1 dB) 2(IdB) 



<9 

KT«ir M. 70 
J.. 7- M 

e"«r J4 

B««*va»oDec 15^15* 7J 



2.2 (CF) 2J(ldB) 1I5(I<IB) Bamdi 



KtS.*!!* 75 



). Disordering 

The last technique that will be reviewed is impurity-induced 
jyer disordering (ULD) [50], By Zn-difftision through a 
jpere0 SiO. barrier (see Fig. 8). the ions in a muluquantum 
fell (MQW) are intermixed, so that the quantum wells are 
radually destroyed. As a result, the bandgap of the destroyed 
IQW increases, which means that the refracUve in<jex of the 
IQW-reglon decreases. TTiis technique is suitable for inter- 
jnnecUng a MQW-waveguide to a single QW-waveguide 
his technique eliminates the need for regrowth in the fabri- 
mon process, but it appears to be very difficult to optimize 
Id to reproduce the diffusion profile. 

IV. Tapered Wavegitoe Performances 

In Table I, an overview is given of tapered waveguides 
alized by different research groups. Tlie devices are classified 



according to their taper designs as discussed in Section n 
nie first column indicates the research group. The second 
column shows the applied fabrication technology The third 
column contains the wavelength of the guided light. The next 
columns summarize the taper performances, such as the fiber- 
chip coupling loss to a single mode cleaved fiber (CF) or 
lensed fiber (LF). the lateral (L) and verUcaJ (V) alignment 
tolerances. The value between brackets in the columns for the 
alignment tolerances, gives the excess loss correspondtag to a 
lateral or vertical displacement. The last two columns contain 
some remarks and references. 

Most of the tapered waveguides have been developed for 
an operaUng wavelength of 1.55 /^m. ITie lowest coupling 
loss reported, is only 0.4 dB. which means that 91% of the 
light can be coupled into the cleaved fiber. In this case the 
(1 dB) alignment tolerances are close to 3 um. This should 
be compared to untapered small spot-size waveguides which 
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TABLE n (Continued) 
Overview of Tapered Laser Diode Performances 





TccbaolQcy 




Type 


Ilk 




CL 


Afita. 


Tot. (±> 


Rcmarlci 


Rcf. 










(a*A) 








V(um) 






Vcftiwf itmm-tt^r^hmrud wegykk (Fig. Jm^ 




















NTT 


SAG of bun-joiot 


1300 


MOW PRH 




33 J 


L06 (CF) 


2 (i dB) 


2(ldB) 


1 HR'Coadof 

BeuB dnvfeooe; r s lOr 


45 


NTT 


SAG oT boB-joiai. 2* wifer proccssiQC 


■ VIA 


unw Bail 
MQw, ran 


5.6 




0.94 (CF) 


2(IdB) 


2(ldB) 


2 HR-ccMdoxt 


44.76 




















High powexz 50 mW 




















lUgh 134* 




ATAT 




icnn 


*^w, reH 


28 


17 


5-.(CF) 


3(ldB) 


2(ldB) 


Beamdi«eiscBar ItTxlS^ 


38 


Micxubiihi 


''sag 


ISSO? 


PBH 






3J(CF) 


3(iaB) 


3(1 dB) 


Be»ndi«crp»ce: 


77 


Kachi 


SiSMG 


1300 


MQW.PBH 


16 


56 


3.5 (CF) 


20(IB) 


2(1 dB) 


Bexmdivosencc: 12^13* 
High cena|ij 85* 


47 




SAC 


1300 


MQW.PBH 


16 


32 








Bom diwcffcfioe: 1 1* 
Htsb mp4 120* 


78 


Fajiua 


















High power €> 50 «W) 




SAG 


1300 


MQW. nH 


6.5 


40 . 


3.8 (CF) 


2(1 rfB) 


2 (1 dB) 




79 


Our work 


















Bern tf^paSOBCK 9-kII* 




SMG 


1550 


MQW» PBH 


8.2* 


31J 


3 -3 (CF) 


2.1 (1 dB) 


1.7(1 dB) 


BeanKSvayeDoe: i2«Xl6« 


26 














1.7 (LF) 


1.3 (1 dB) 






CM^fT/Our 


work SMG 


1550 


MQW.DFB 
PBH 


10 


34.7 


5.3 (CF) 


3.5 (1 dB) 


1.5(1 dB) 


BeamiSvascncc: 12H14* 


SO 


Yenicaldiimif 


t-mpKrtJ riJge waveguide {Fig. 3.b} 




















ETHZ 


DifTusion linuted etchmg ♦ wd etch of tiigfi 
(tncluiiinx Uienl taper) 


1300 




55 


8J 


3(CF) 


1.8 (tdB) 


1.8 (IdB) 




51 




LPE-ffowd) on vidce 


780 


DH. BTRS 


60 


42 








AR-HR OMUtiiig 

Beam divvgcocx: 9"xl(r 


6 
























SMG 


9B0 


SQW.ridce 




36 








BeamdivcTvencK: 15*x29" 


81 






















ATiT 


Sie|i|«d ctchinx (vertical) 
Wd ctciitnK (laieral) 


tsoo 


MQW.DOR 
PBH 


52 


30 


4.2 (CF) 


3.8(1 dB) 


2.10 dB) 


|{R-«oaciig( 
_UeamdiwefKnoe: I2"«I2* 


37 



AR: antireflective 

C DSF: cleaved dispersion shifted fiber 
DBR: distributed Bragg reflector 
DQW: double-quantum well 

HR: high-reflective 
MQW: ntiultiquantum well 
RIBE: reactive ion beam etching 
SQW: single- quantum well 



BR(S): buried ridge (stripe) 
CF: cleaved single-mode fiber 
DFB: distribute feedback 
(GRrN)SCH: (GRaded INdex) separate 
confinement heterostructure 
LF: lensed fiber 

(P)BH: (planar) buried heterstnicture 
SAG: selective area growth 
temp.: temperature 



BTRS: buried iwin-ridge substrate structure 

CL: coupling loss 

DH: double heterostrucutre 

FM: fiber-matched 

litho: photolithography 

QE: differentia] quantum efficiency 

SMG: shadow masked growth 



have coupling losses of typically 10 dB (only 10% of the light 
can be coupled into the fiber) and alignment tolerances around 
1 fim. Some tapers have also been developed for coupling light 
into a lensed fiber. As expected, low coupling losses can be 
obtained, but the alignment tolerances do not really improve 
compared to untapered waveguides. 

Sev«-al research groups achieve coupling losses around 
1 dB, including taper loss (= spot-size conva-sion loss), which 
means that taper losses can be kept very low, which in turn 
indicates that the tapers are well designed and the fabrication 
technologies well established. 

If we look at the performances of the dual lateral over- 
lapping buried waveguide tapers of Deutschen Telekom with 
different taper profiles, then it is evident that improved perfor- 
mances are obtained with the (optimized) nonhnear taper. 

From Table I, it is clear that a wide variety of taper 
designs have been investigated, but that only a few have really 
been integrated with an optoelectronic device (e.g., an optical 
switch, an electroabsorption modulator. waveguide/PIN-diode, 
- . .). Actually, the number of taper designs, that has been 



integrated with devices is higher: some of the taper designs 
in Table U have indeed been integrated with laser diodes (see 
Section V). 

V. Tapered Laser Performances 

A similar overview as in previous section is given in 
Table H for the tapered laser diodes. Most columns in Table n 
give the same information as in Table I. Column 4 describes 
the type of laser. Columns 6 and 7 give the threshold current 
and the differential quantum efficiency of the laser diodes. 

Please note that, although the ETHZ-laser [51] also con- 
tains a lateral taper, it is classified under the vertical down- 
tapered ridge waveguides, because the corresponding drawing 
[Fig. 3(b)] very weU illustrates the structure of the taper. 

Most laser devices are Fabry-Perot type lasers. However, 
a few distributed Bragg reflector (DBR) and distributed feed- 
back (DFB) laser are also reported, which indicates that the 
integration of a taper is compatible with the more complicated 
fabrication processes of highly advanced laser diodes. 
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In contrast lo the tapered waveguides (see Table I), few ta- 
per designs have been investigated. The laterally down-tapered 
buried waveguide, the dual lateral overlapping buried wave- 
guide taper and ihe vertical down-tapered waveguide designs 
seem to be very attractive for the monolithic integration of 
tapers with laser diodes. NTT has made a comparison between 
the latter two designs [82]. For the vertical down-tapered 
waveguide design, they made a distincUon between a butt-joint 
coupled and the SAG or SMG MQW taper. They conclude that 
all type of tapers achieve similar performances with respect to 
coupling loss and spot-size conversion loss. Minimal coupling 
and taper loss is obtained at smaller thickness reductions for 
the butt-joint coupled taper compared to MQW vertical taper 
(factor 3 compared to 3,5). For the same coupling and taper 
loss, the dual lateral overlapping waveguide taper can have a 
shorter taper length. . • 

Most of the tapered laser diodes in Table n exhibit similar 
performances with respect to threshold current and quantum 
efficiency as conventional untapered lasers. Coupling losses 
around 3 dB can be easily obtained, which means that ca. 
50% of the emitted power can be coupled into a cleaved fiber. 
The lowest coupling losses reported are around 1 dB (80% 
coupling efficiency). 

The lasCT performances given in Table n also confirm that 
the integration of a taper is advantageous for high-power and 
high-temperature operation. Optical powers larger than 4.2 and 
0.5 W are reported by MIT Lincoln Lab for lasers operating at 
980 and 1300 nm, respectively. These high power lasers emit 
a single lateral spatial mode with a beam divergence of only 
a few tenths of a degree. The highest operation temperature 
;i34°) is reported by NTT for a butt-jointed vertical buried 
apered laser. 

Finally, we would like lo remark that the technologies for 
apered laser diodes are quite well esublished, since a few 
p-oups (NTT, BTL) have reported 2-in wafer processing. 

VI. Conclusion 

During the past years a lot of attention has been paid 
D the monolithic integration of spot-size transformers with 
LI-V semiconductor devices, in order to reduce the fiber- 
hip coupling loss and the packaging cost of OEIC's in future 
ptical networks. 

A lot of taper designs have been proposed and nearly as 
lany fabrication technologies have been developed. Some 
f those technologies are simple and make use of low-cost 
quipment, but do not offer a high flexibility in taper design, a 
igh-resolution tapo- definition or a high reproducibility. Other 
ibrication techniques, which are much more reproducible 
id allow fine and sophisticated taper profiles, are often 
lore coniplex and time consuming or require expensive 
stallations. The main requirement for large scale production 
!• low cost devices, however, is the ability to 2-in wafer 
•ocessing with a reasonable yield. 

The research activiUes on tapered devices, in particular 
pered laser diodes, are sUll expanding, and performances 
mtinues to improve. At the moment tapered waveguides can 
: fabricated with a coupling loss of 0.4 dB when coupled to 



a cleaved fiber. The best tapered lasers show coupling losses 
around 1 dB and beam divergences below 10^. 
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